A comprehensive report on the correlation between the morphology and the photocatalytic (PC) and photoelectrocatalytic (PEC) activity of TiO 2 nanotubes (NTs) electrodes is presented. New insights are provided to support the effect of the anodization conditions on the photon-to-current efficiency of the electrodes based on the dimensional characteristics of the TiO 2 -NTs. Electrodes with promising properties based on the characterization data were scaled-up to test their activity on the PC and PEC oxidation of methanol. Results indicate that the length of the nanotubes significantly influences the photodegradation efficiency. The enhancement achieved in both PC and PEC processes with longer nanotubes can be explained by the higher surface area in contact with the electrolyte and the increase in the light absorption as the TiO 2 layer becomes thicker. However, as the length of the nanotubes increases, a reduction in the enhancement achieved by the application of a potential bias is observed. Kinetic constants of both reactions (PC and PEC) tend to get closer and the charge separation effect diminishes. In relative terms, the effect of the electric potential is more pronounced for electrodes with the shorter NTs. The reason is that once the TiO 2 layer is thick enough to absorb the available radiation, a further increase in the NTs length increases the resistance of the electrons to reach the back contact and the diffusional restrictions to the mass transport of the reactants/products along the tubes. Consequently, the existence of a compromise between reactivity and transport properties lead to the existence of an optimal NTs length.
INTRODUCTION
Titanium dioxide (TiO 2 ) nanotubes (NTs) with different structures and morphologies have drawn much attention in the last years. In particular, several applications for highly ordered nanostructures of TiO 2 , as nanotubes or nanowires have emerged [1, 2] . The main reason is that TiO 2 nanotubes display an increased surface-area-to-volume ratio compare with particulate TiO 2 structures. Furthermore, the electron transport velocity and charge separation efficiency also increase, reducing charge recombination rate and making these materials ideal for solar or UV light photoelectronics applications. These characteristics make them attractive for a wide range of applications in many technological fields, as hydrogen generation [3] , battery electrodes [4] , sensors [5] , solar cells [6, 7] and photocatalytic and photoelectrocatalytic applications [8, 9] , being one of the most intensively studied nanomaterials.
A number of techniques have been used to prepare TiO 2 NTs configurations, such as hydrothermal treatment of TiO 2 in NaOH solution, anodization of titanium sheets, template methods, and electrospinning [1, 2, 8, 10, 11] . The most common procedures are based on the hydrothermal method [1, 12] and the electrochemical anodic oxidation [2, 13] . Hydrothermal synthesis starts when a TiO 2 precursor is dissolved in a concentrated aqueous solution of NaOH. The obtained mixture is placed into an autoclave and converted into a crystalline tubular nanostructure at 110-150 C. The final material needs to be washed with diluted acidic aqueous solution or solvents [1, 10] . On the other hand, the electrochemical anodic oxidation method is completely different and can be easily carried out by the field assisted oxidation of Ti metal to form titanium dioxide in an electrolyte that generally is constituted by a fluoride salt, water and an organic polar compound as main liquid phase [2, 14] . The formation of the NTs geometry starts with the application of an anodic voltage to the metallic titanium foil to produce a stable compact TiO 2 layer due to the electrochemical oxidation of titanium. After that, fluoride ions present in the electrolyte are responsible for the formation of NTs by the field assisted dissolution of Ti metal to form titanium dioxide and the chemical dissolution of Ti and TiO 2 due to etching by these ions [14, 15] .
Although both methods seem to be very simple, every single synthesis step plays a crucial role in controlling the final properties of the NTs. This is one of the reasons of the great number of articles focusing on the preparation of self-organized TiO 2 nanotubular structures with a large potential to enhance novel functional features. Other important features of TiO 2 NTs are the remarkable rapid and long-distance electron-transport capability [16] and the enhancement in the light absorption due to the high ratio of length to pore diameter [17] , both of which will improve photocatalytic efficiency [8, 18] .
Therefore, many authors have focused their studies on the preparation conditions and have determined the influence of many synthesis variables. In the case of the anodization of Ti foils, the applied anodization potential or current density and the anodization time are one of the most important, influential and studied parameters [14, [18] [19] [20] [21] [22] [23] [24] . Other variables are related to the composition of the electrolyte employed such as the concentration of water or fluor salt [2] , the polar organic electrolyte employed [2, 25] , or the acidification of the electrolyte [2, 14, [25] [26] [27] or other factors like the temperature treatment [2, 28] , or pulsed anodic oxidation [29] , among others. Most of these variables, significantly affect the geometrical parameters [18, 22, 24, 28, 30] , the physico-chemical properties [2, 14] , the photocurrent response [25] and therefore the photocatalytic and electrophotocatalytic activity of the NTs [11, 24, 31] . Therefore, it is important to note that to obtain the desired characteristics of the nanotubes the preparation conditions must be optimized previously.
Additionally, the fact that these TiO 2 -NTs arrays can be immobilized onto an electrically conducting support make them very attractive to be used as photoelectrodes for solar energy conversion and/or in electrolytic cells (i.e. photogeneration of useful products such as hydrogen, degradation of organic pollutants or reduction of CO 2 ) [32] . The reason is that these photoanodes offer the possibility of enhancing the photocatalytic activity of the TiO 2 layer by applying a positive bias potential. The electrical field provides a convenient way for transferring photogenerated electrons to the conductive substrate and be effectively extracted to the outer circuit, which results in an improved separation of photogenerated electron-hole pairs and better use of the photogenerated holes [8, [16] [17] [18] . The main advantage of photoelectrocatalytitic processes over pure photocatalytic reactions is that the application of a potential bias reduces the electronhole recombination, resulting in higher quantum efficiencies. In TiO 2 electrodes the photoelectrocatalytic activity can be related to the photocurrent density shown under the same operational conditions. However, in some cases this correlation is not linear due to multitude processes involved in phenomena of absorption and charge transfer [33] . For example, TiO 2 particulate films have been widely reported in the literature for photoelectrocatalytic applications [24, [33] [34] [35] . These films are composed of interconnected TiO 2 nanoparticles and show a porous surface and a quite large surface area. However, that kind of film suffers from structural disorders and vast grain boundaries, which bring obstacles to the electron transport and affect the charge separation efficiency while the ordered nanotube architecture can provide a unidirectional electric channel for the transport of the photogenerated electrons [24] . This work focuses on the understanding of the correlation between the morphology and photocatalytic activity of TiO 2 -NTs electrodes based on the analysis of the photocurrent densities and the incident photon-to-current efficiencies. It constitutes a novel comprehensive study of the influence of the morphological features of ordered titanium dioxide nanotube arrays to optimize the compromise between radiation absorption, surface area and electron and mass transport that maximizes the global reaction rate.
MATERIALS AND METHODS
Commercial titanium sheets (1 mm thick, 99.6% purity) of 1 cm (for physico-chemical characterization) and 5 cm in diameter (scaled-up for activity experiments) were supplied by Goodfellow Inc. A titanium wire was spot-welded to each of the sheets for the electrical connection during the anodization process and photoelectrocatalytic reactions. Before anodization takes place, all the sheets were degreased through sonication in ethanol for 15 minutes, and rinsing with deionized water. Then the foils were immersed again during two minutes in a HF/HNO 3 /H 2 O (1:4:5 v/v) solution, and rinsed again in abundant deionized water.
The anodization process was conducted in a two-electrode electrochemical cell connected to a DC power supply (ISO-TECH, model IPS 303DD). A nickel mesh (Goodfellow Inc., 55% open area) was used as the cathode at a distance of 1 cm from the titanium anode. Subsequently the electrolytic solution is added to the electrochemical cell and then the selected anodization potential is applied without magnetic stirring. Two series of five electrodes were anodized with an electrolyte composed by ethylene glycol, water 5 wt% and NH 4 F (0.15 M). The first set of electrodes was anodized keeping the applied potential constant at 20 V and modifying anodizing times at 60, 90, 120, 150 and 180 minutes. The second set of electrodes was anodized fixing the anodization time at 120 minutes, and variable potential of 10, 15, 20, 25 and 30 V. When the anodization process is finished the titanium foils are dried at 100 C for 24 hours. After that time the electrodes are annealed at 450 C during two hours with a heating ramp of 2 C/min to induce anatase crystalline phase formation. The crystal structure of the TiO 2 -NTs electrodes was identified with an X-ray diffractometer (Philips X'Pert-MPD, Cu Ka radiation, equipped with an XCell detector). Each diffractogram was performed with scanning speed of 0.01/s and with an accumulation time of 2 s per point. Crystal particle size was calculated applying the Scherrer's equation.
Raman spectra of the TiO 2 -NTs were obtained with a HORIBA Jovin-Yvon spectrometer model HR800UV equipped with an Olympus BX41 optic microscope. TiO 2 -NT electrodes were excited with a red laser of 632.8 nm and spectra were registered between 100 y 800 cm
À1
. Diffuse reflection spectra (DRS) were recorded on a UV-visible spectrometer (Varian Cary 500 Scan UV-VIS-NIR) in the 250-450 nm regions using a Ti foil to register the base line. Band-gap values were determine by the optical absorption near the band edge by the equation ahy = A(hy-E g ) n/2 [36] . where a is the absorption coefficient, h is the Planck constant, y is the radiation frequency, E g is the band gap, A is a constant and n value is 4 for the direct transitions in the semiconductor.
The morphology, length, diameter and wall thickness of the nanotubular titanium dioxide films were evaluated using a high resolution Scanning Electron Microscopy (SEM). The images were realized with a Nova Nano SEM230 (FEG-SEM) microscope working with acceleration voltages between 2 y 10 kV and equipped with ETD, TLD, BSD, Helix, and CD detectors. Samples were previously prepared by scratching the intact surface and rotating the sample holder 45 to obtain the length of the TiO 2 nanotubes. The Digital Micrograph 365 Demo program from Gatan Sofware Company was used to analyze SEM images. The average pore diameter was calculated from 5 different FEG-SEM top-view images and standard deviation of the measurements were taken at less 10 measures of each parameter. The estimation of the porosity of the electrodes has been done following the methodology proposed by Kontos et al [37] . Determination of the photocatalytic (PC) and photoelectrocatalytic (PEC) activities of the electrodes was carried out using 5 cm diameter electrodes and methanol oxidation as model reaction. Methanol was transformed into formaldehyde during one-hour experiments of PC and PEC degradation at initial concentrations of 0.01, 0.1 and 1 M, using 0.1 M Na 2 SO 4 as electrolyte. In the PC experiments the electrodes were placed in the cell without connection to the power supply while for the PEC experiments a potential bias of 1 V was applied between the working and the counter electrode. The formaldehyde evolution of the reaction was followed through the colorimetric determination of the formaldehyde at 412 nm produced along the reaction following the Nash's method [38] . Absorbance was measured with a Biochrom Libra S22 spectrophotometer with an optical path of 1 cm.
RESULTS AND DISCUSSION

Physicochemical and morphological characterization
Main physico-chemical characterization results are shown in the supplementary data. X-ray diffraction patterns (see Fig. 1S ) have shown the formation of the crystalline anatase phase, with no signs of rutile in both series of TiO 2 -NTs electrodes. The anatase peak intensity gradually increases as anodization potential and time increase, although this effect is more evident for the variation of anodization potential. The anatase crystallite size, calculated from the more intense 101 diffraction signal at 25.3 , was around 32-39 nm in all the electrodes (see Table 1S ), in agreement with previous reports [2] . Raman spectra from both series of electrodes (showed in Fig. 2S ) also verified the existence of the wellcrystallized anatase phase in the photoanodes. Raman bands intensities increase for higher anodization potential and time, in agreement with the higher degree of crystallization observed by X-Ray diffraction. Raman spectra also confirm a more significant effect of the change in anodization potential in comparison with the effect of the anodization time. Higher intensities of the Raman bands have been related to an increase in the thickness of the TiO 2 layer and therefore, an increase in the length of the TiO 2 -NTs [17] . This supposition has been confirmed by the measurement of the TiO 2 -NTs dimensions by Electron Scanning Microscopy. Fig. 1 shows the dependence of the NTs length versus anodization potential and time for both series of electrodes. The micrographs added to the figure reveal well defined porous structures in all the photoanodes. As it was expected, the length of these self-organized structures linearly increases with applied voltage and anodization time, although the effect was more pronounced for the variation of the potential bias. As the potential increases, the resulting nanotube length was found to exhibit a strong dependence on the applied voltage, from 10 to 30 V, as confirmed by other authors [14] . According to these results, nanotube length increases linearly at approximately 111 nm V À1 between 10 and 30 V. The reason is that during the nanotube growth step, a thin and compact TiO 2 barrier layer at the pore bottom/electrolyte interface is continuously dissolved by increased field, and a new barrier layer at the metal/oxide interface (Ti/TiO 2 ) is rebuilt [14] . Thus when anodization voltage increases also the driving force for ionic transport through the barrier layer at the bottom of the pore increases and the movement of the Ti/TiO 2 interface into the titanium metal surface is faster. This fact results in a higher assisted oxidation of Ti metal to form titanium dioxide [22, 25] . Our results show that the maximum tube length achieved in this set of electrodes was 3.23 AE 0.43 mm that corresponds to a titanium foil anodized at 30 V during 120 minutes. The application of different anodization times also had a critical role in deciding the uniformity of nanostructure formation. The variation of anodization time results in a speed of growth of NTs of 9.8 nm min À1 when time increases from 60 to 180 minutes, eleven times smaller than that observed in the set of electrodes by anodizing potential variation. On the other hand, the variation of inner and outer tube diameter and wall thickness versus anodization potential and time is showed in supplementary data (Fig. 3S) . Although an increase in anodizing potential gives rise to an increase in the inner and outer pore diameters, the nanotubes diameters and wall thicknesses are independent of the anodization time and remain almost constant in the studied range, as shown in Fig. 3Sb . For more information, Table 1S summarizes the physicochemical properties and estimated morphological parameters of the photoelectrodes. The band gap values of the electrodes calculated by the edge extrapolation are also collected in Table 1 .S, ranging from 3.44 to 3.33 eV. As expected for nanocrystallites, these values are higher than that of 3.2 corresponding to well crystallized anatase monocrystals. A slightly decrease in Eg is observed as the NTs grow longer for higher anodization voltage and time, shifting the UV photoresponse towards the visible-light spectrum. with the applied potential bias in all the electrodes and tend to reach a constant value at high potentials. As the magnitude of the anodic photocurrent is obviously proportional to the number of the photogenerated electrons transferred to the outer circuit, that means that the NTs prepared with higher applied potentials provide a more effective charge transport. In the absence of methanol, photocurrent is lower because only water photooxidation by photogenerated holes takes place at the electrode surface (see Fig. 2a and c) . On the contrary, in presence of methanol, photocurrent increases due to methanol favours the diffusion length for photogenerated electrons, reduces recombination probability with surface-trapped holes [34, 39] and/or actives the so-called current doubling effect [40] . The last mentioned reaction implies that the oxidation of methanol radical ( CH 2 OH) to formaldehyde can take place directly at the electrode surface leading to an additional free electron at the anode that increases photocurrent density. This phenomenon has been observed in the photoelectrocatalytic oxidation for other organic molecules such as oxalate, formate, acetate or glucose [35, 40, 41] . The increase in the photocurrent densities observed in Fig. 2 for both series of electrodes shows a clear correlation with the increasing thickness layer achieved for high anodization potential and time. This effect can be certainly explained by the increase in the amount of TiO 2 material available for absorbing the UV radiation provided by the light source.
Photoelectrochemical characterization
This effect is clearly represented in Fig. 3 where a good linear correlation is observed between the nanotube length and the photocurrent density of both series of electrodes achieved at 1 V. All the data can be rather well fitted by a linear equation whose slope increases from 0.35 A cm À2 mm À1 to 0.5 A cm À2 mm À1 when 1 M of methanol is added to the electrolyte solution. This trend has been also studied and confirmed by other authors. For example, Hitchman et al. [42] . explain how the thickness of a thin film semiconductor is an important parameter in determining organic destruction efficiency, particularly when the light has to penetrate the particulate film before reaching the catalytic surface. The incident light has a maximum penetration depth into TiO 2 of 1/a, where a is the absorption coefficient of the TiO 2 at the wavelength of the incident light. The value of a for these photoanodes have been calculated from the UV-vis absorption spectra. The plot of the absorptivity of all the electrodes at 365 nm versus the length of the nanotubes in centimetres can be successfully fitted by a straight line with slope of a = 2.1 Â10
cm
À1
. Therefore, an approximated estimation of the maximum penetration depth points out that the 90% of the irradiation can be absorbed in a range of 4.8 mm. This value is in agreement with other reports where photocatalytic efficiency increases with increasing NTs length, and then reaches a saturated value when the nanotubes are longer than 5 mm [43] . All the anodized electrodes shown in the present work have displayed layer thicknesses lower than the estimated maximum penetration depth hence it is concluded that radiation is not completely absorbed by the TiO 2 -NTs layer and therefore the longer the nanotubes the higher light absorption. This fact explains the linear dependency shown in Fig. 3 with no signs of saturation. However, it is not expected that this trend continues increasing as the lengths of the NTs grow. For longer TiO 2 -NTs than 4.8 mm the light begins to be not efficiently absorbed throughout the bulk and the photocurrent density versus NT length should reach a maximum. In any case, the intensity of the anodic photocurrent can be considered as a measure of the overall photoelectrocatalytic performance of an electrode which is determined by a serial of characteristic inherent to the material as adsorption capacity, surface morphology, crystal size, substrate-catalyst contact and the layer structure among them [41, 44] . Hence the absolute photocurrent density values give an idea of the potential photocatalytic activity of these TiO 2 -NTs photoanodes.
Photocatalytic and photoelectrocatalytic activity
Based on the photocurrent response of the studied photoanodes, selected TiO 2 -NTs electrodes anodized at 20, 25 and 30 V during 120 min were scaled-up to circular supports 5 cm in diameter with an increased exposed area of 19.64 cm 2 . This size is high enough to determine their photocatalytic (PC) and photoelectrocatalytic (PEC) activity under a fixed potential bias of 1 V and 1.4 V versus Ag/AgCl reference electrode. Activity values were evaluated by monitoring the formation of formaldehyde from methanol photooxidation using different initial methanol concentrations in a 0.1 M Na 2 SO 4 electrolyte. The plot of formaldehyde concentration versus illumination time (not shown) represents a straight line that can be adjusted to a zero-order kinetic equation to obtain the rate constant k from the slope following a wellestablished procedure [34, 45] . The blank experiment (electrode of titanium without TiO 2 -NTs) reveals that the non-photocatalytic degradation of methanol is negligible (not shown). Fig. 4 shows the comparison between PC and PEC efficiencies in terms of kinetic constants for formaldehyde production (k) versus TiO 2 -NTs length achieved for different initial methanol concentrations. As expected, the PC and PEC kinetic constants are higher as the TiO 2 layer thickness of the electrodes (NTs length) increases, in agreement with the photocurrent density values registered for these photoelectrodes (see Fig. 3 ). In general, higher values of k are also observed when increasing the initial concentration of methanol. PC kinetic constants of the NT25V and NT30V electrodes increase as methanol concentration is added to the solution confirming that methanol reduces recombination probability trapping the photogenerated surface holes [34, 39] . On the contrary, PC k values for the NT20V photoanode remain constant independently of the initial methanol concentration. A possible explanation of this behaviour is that when light irradiates the electrode, charge carriers are photogenerated in the TiO 2 layer that have to be rapidly transferred to the solution species before recombination. The amount of holes and electrons available is obviously related to the light absorbed by the TiO 2 -NTs. In the case of NT20 V anode, displays a thickness of around 2 mm, and hence absorbs less amount of light than the other two electrodes and consequently generates lower amount of charge carriers. Therefore, less methanol molecules will be necessary to trap the available holes at the surface of the electrode, reaching saturation for lower methanol concentrations. This means that NT20 V electrode has either a poorer charge carrier transfer or, more likely, a lower light absorption capacity, being values of k not affected by methanol concentrations. On the other hand, due to charge balance, in steady state, the rate of oxidation by holes must be equal to the rate of reduction by electrons. Conversely, if the electrode generates higher amount of charges carriers and methanol concentration is not enough to trap the entire surface holes, the charges accumulate and the PC efficiency will decreases as a consequence of the recombination process. Although quantitative assessment of this hypothesis would require additional characterization data of the photoanodes based on impedance spectroscopy, this phenomenon is qualitatively observed in the PC experiments of NT25V and NT30V anodes at 0.01 M methanol concentration. Higher concentration of methanol gives rise to higher k values by reducing the recombination process and promoting charge transfer.
On the other hand, PEC experiments of Fig. 4 show that the application of a potential bias improves the reaction rate with all the tested TiO 2 -NTs photoanodes. In this case, the photogenerated charges are subjected to an electric field opposed to their attraction forces. The electrons will be transferred to the metallic support, and conducted by the external circuit to the reduction reaction in the cathode, while the holes move to the surface of the TiO 2 photoanode to capture electrons from a donor through a oxidation reaction [34, 42] . It is remarkable that when applying an anodic bias potential of 1 V to the NT20 V anode, the k values increases with methanol concentration. The calculated ratio between the k values of the PEC and the k of the PC experiments (k PEC /k PC ) is in this electrode equivalent to 1.9, 1.6 and 1.0 when methanol concentration goes from 1 to 0.01 M. On the contrary, for the NT25 V and NT30 V electrodes the (k PEC /k PC ) ratio only reaches a value between 1.3-1.0 times higher. Therefore, the electrode with shorter NTs length (NT20 V) is inhibiting in a better manner the recombination of the photogenerated electron-hole pairs when a bias potential is applied. Indeed, it is well known that shorter NTs seem to favor the electron transport between TiO 2 -NTs layer and the metallic conductive support which could be the main reason for this behavior [17] . This anode enhances almost 2-fold the k value of the PC at high methanol concentrations. As the nanotubes grow the k values of both reactions (PC and PEC) tend to be similar and the charge separation effect decreases (see NT25V and NT30V electrodes).
The mechanism that involves the formation and motion of the charge carriers within a TiO 2 layer is a complex processes that depends on various phenomena that can be defined mainly as the balance between the light absorption by the TiO 2 and the photogenerated charges diffusion. In Fig. 5 is shown a schematic draw of the phenomena that control this process.
For generated electrons this diffusion should be through the TiO 2 layer and towards the positive current collector (cathode) and for the holes the diffusion goes to the depletion layer width (W) to the surface [41, 42] . Holes generated at a distance from the surface lower than W will be efficiently transported to the surface, whereas holes generated deeper between W and (W + Lp), where Lp is the minority carrier length, may diffuse to the depletion layer boundary and be transported to the surface or may recombine with electrons. The recombination is the most likely process for charges generated at depths higher than (W + Lp) [41, 46] . In TiO 2 , the minority carrier length (Lp) is the maximum distance that the holes can move in a field-free region before getting recombine with an electron. This distance has been estimated in about 0.1 mm [46] . Therefore, although light absorption (and charge generation) is favoured in thicker TiO 2 layers, the thickness of TiO 2 layer (NTs length) also has a strong influence in the electron diffusion. As the distance to be crossed by electrons up to reaching the conductive support increases, their changes of being lost by recombination through the TiO 2 layer also increases [17] . This is in agreement with the report of Liu et al [43] about the simulation of the photocatalytic efficiency on different NTs morphological parameters for different O 2 diffusion coefficients. These authors have observed that photocatalytic efficiency firstly increases and then decreases as the inner diameter and wall thickness of the nanotubes increase. The oxygen transport within the TiO 2 nanotubes increases as these parameters increase, which will improve photocatalytic activity. On the other hand, photocatalytic efficiency increases as NTs length increases, and tends to reach a saturation plateau, which is mainly influenced by the change of light absorption and the diffusion of reactants along the NTs. The latter can be explained considering that as nanotubes get longer, the migration of reactant/products along the tube becomes hindered and the accumulation of the products restrains the surface reaction of holes (see Fig. 5 ). This effect can be partially counteracted by the improvement in diffusion provided by wider tube channels, which indicates that the inner diameter may play a significant role in the PEC activities of TiO 2 nanotubes [47] .
Interestingly, Liu et al. [24] present other point of view. These authors have found that the activity dependence on the nanotube length in the PEC process is exactly opposite to the PC process. In the PC degradation of phenol by nanotube arrays, the increased length improves the activity greatly until reaching saturation because the nanotube length favors the light absorption and the saturated PC activity can be explained by considering the saturated light trapping and the limited diffusion distance of the phenol solution into the nanotube arrays. However, our results point out that the PEC process also tends to reach a saturation plateau. This is due to in the PEC process although the increased length of the nanotube arrays will generate more photogenerated charges by the UV light, this also will increase the resistance of the TiO 2 nanotube array and the photogenerated electrons will track a long distance through the TiO 2 nanotube to reach the metallic support [35] . This fact will increase the probability of the charge recombination. Fig. 6a shows the influence of increasing the electric potential bias applied on the values of the kinetic constant (k) of methanol photoxidation, whereas Fig. 6b shows the dependence of the k PEC /k PC on the nanotube length. In all cases, the application of a potential bias of 1 V increases the efficiency of TiO 2 -NTs photoelectrodes, being the improvement in the efficiency even higher when 1.4 V is applied. This dependence on the applied potential indicates that the depletion layer is completely developed and that electron transport is still the controlling step of the overall process for high electric potential bias, which means that charge carrier separation takes place for the whole range of applied electric potential bias [34] . It must be noticed that although the NT20 V electrode shows better properties for charge carrier separation in comparison with the NT25 V and NT30 V electrodes, the values of k for NT20 V electrode are much lower compared to the other two electrodes. In contrast, NT25 V and NT30 V electrodes seem to show suitable properties for favoring charge carrier transfer on their TiO 2 surface since they present a high surface in contact with the electrolyte leading to a higher photocatalytic activity. Fig. 6b also shows the values estimated for porosity (Table 1S) , showing a trend with the nanotube length opposite to the k PEC /k PC ratio. These results contrast with those provided by the study of Liang et al. [47] . who found that photoconversion efficiency for water splitting of TiO 2 nanotube arrays increases exponentially when the porosity increases. A possible explanation for this discrepancy could be related to the external diffusion of the electron donors in the nanotubes, strongly condition by their diameter and whose effect could be completely different depending on the studied reaction.
Finally, Fig. 7 shows the effect of initial methanol concentration and nanotubes length on the incident photon-to-current efficiency (IPCE). IPCE is a measurement of the photoelectrochemical efficiency defined as the ratio between the amount of electrons generated on the external circuit (calculated in mol e-s À1 cm À2 by dividing the current density in A cm À2 by the Faraday constant, F = 96485 A sÁmol e-À1 ) and the amount of photons incident to the system (calculated in Einstein s À1 cm À2 by dividing the radiation flux in W cm À2 by the molar energy of photons of 365 nm in wavelength, hn) [33] . In all cases a linear trend is observed, with higher IPCE: i as the NTs-TiO 2 layer thickness increases, due to improved radiation absorption; and, ii a higher methanol concentration, due to an improved charge transfer. However, IPCE tends to reach a maximum with NTs of 3.2 mm even when higher potential bias is applied. This fact demonstrates that charge separation is the limiting step due to the fact that the resistance of the TiO 2 nanotube arrays to the electrons conduction, increases with nanotubes longer thicknesses. Interestingly, these effects are even more pronounced that they were observed in the values of the kinetics constants (Figs. 4 b and 6 a) . As the NTs-TiO 2 layer thickness increases, the methanol concentration becomes a more important factor due to the increased effect of trapping holes at higher surface areas. On the other hand, NT20V is more influenced by the applied potential bias due to the favoured charge recombination in its short nanotubes. However, in comparison with particulate electrodes, the intimate contact of the nanotubes with the support and the absence of grain boundaries make the electron transport much more efficient [33, 34] . These results show that the highly ordered nanotube arrays make possible the directly correlation between photocurrent density and photoelectrocatalytic activity.
CONCLUSIONS
Physicochemical and photoelectrochemical characterization of highly ordered TiO 2 nanotube array photoanodes has shown a good correlation with their activity in photocatalytic and photoelectrocatalytic reactions. An increase in the length of the nanotubes leads to a significant increase both in the photocatalytic and photoelectrocatalytic measured reaction rates due to the increased surface area. Although thicker TiO 2 layers (longer NTs) also enhances light absorption, a compromise must be reached, as the longer diffusion distance for the electrons to reach the back contact of the electrode increases transport resistance. This effect is confirmed by the reduction in the enhancement of the activity of the PEC reaction in comparison with the PC process, confirming that the improvement effect of the charge separation is progressively lost. The main conclusion is that the length of the TiO 2 -NTs should be finely tuned to optimize the compromise between light absorption reactivity and transport properties to maximize the reaction rate.
